Introduction {#Sec1}
============

Osteoporosis weakens bone, increasing the risk of femoral neck fractures which have a concerningly high mortality rate (Goldacre et al. [@CR23]). There is evidence that selected physical activities could increase bone mass density or reduce the rate of bone decay in affected patients (Jamsa et al. [@CR25]; Judex et al. [@CR27]; Judex and Zernicke [@CR28]), particularly in the cortex of the femoral neck region (Allison et al. [@CR1]; Blain et al. [@CR5]), but it is not possible to systematically predict the effect of different activities on local bone quality due to limitations of current experimental and computational techniques.

Adaptation algorithms embedded in finite element (FE) simulations have been used to investigate bone's response to loading conditions, with bone often assumed to have isotropic material properties, for simplicity (Huiskes et al. [@CR24]). This assumption is insufficient in predicting the directionality of bone's observed microstructure (Geraldes and Phillips [@CR22]; Skedros and Baucom [@CR42]), a critical factor in understanding bone's performance and mechanical behaviour (Nazarian et al. [@CR34]). Furthermore, material properties for bone have been measured experimentally and the orthotropic assumption shown to be the closest approximation to bone's anisotropy, short of a full anisotropic description (Ashman et al. [@CR2]; Cuppone et al. [@CR11]; Turner et al. [@CR47]), presenting a more realistic representation of the femur's structural behaviour than isotropy (Pidaparti and Turner [@CR39]). Recent work has succeeded in extracting orthotropic material properties from computerised tomography (CT) data, but relies on subjective estimations of regional principal material directions from geometric features or observation of collagen structures amongst volumetric CT data of varying resolution (Blanchard et al. [@CR6]; Yosibash et al. [@CR52]).

Despite achieving physiological material property distribution and directionality, most remodelling algorithms have been applied to study the material property distribution in a portion of the femur, with particular emphasis on the proximal femur, in order to decrease the computational effort required and overcome the difficulty in defining loading conditions for the entire bone (Fernandes et al. [@CR18]; Miller et al. [@CR29]; Tsubota et al. [@CR46]). Few complete continuum femur models have been developed, usually assuming bone to be an isotropic material and not focusing on its adaptation to external loading (Duda et al. [@CR15]; Phillips [@CR36]; Speirs et al. [@CR43]). Therefore, results for all regions and anatomical planes of the femur are not commonly reported.

An orthotropic strain-driven bone adaptation algorithm developed by the authors (Geraldes and Phillips [@CR22]) was applied to a fully balanced FE model of the femur with all muscle and ligament forces included through the use of spring elements, alongside physiological boundary conditions. The model was shown to produce a more physiological material property distribution for the complete femur in comparison with an isotropic modelling approach, whilst simultaneously providing information on the directional properties of the underlying cortical and trabecular structure (Geraldes and Phillips [@CR22]).

Studies have called attention to the function of non-orthogonally intersecting trabeculae in resisting shear stresses and strains resulting from the multitude of load cases bone is subjected to (Garden [@CR20]; Miller et al. [@CR29]; Skedros and Baucom [@CR42]; Tobin [@CR45]). This complex mechanical environment cannot be represented using orthotropic adaptation algorithms under a single load case or a single combined load case, since it would align the material properties with the principal stress directions, resulting in negligible shear resistance as found in Geraldes and Phillips ([@CR22]). Multiple instances of activities of daily living need to be considered in order to physiologically reproduce the adaptation of trabecular architecture to complex loading (Carter et al. [@CR8]; Miller et al. [@CR29]; Skedros and Baucom [@CR42]). In an attempt to understand bone's resistance to shear, a shear modulus component was included in the proposed adaptation algorithm. It is hypothesised that: (1) low shear moduli occur in areas of bone that are simply loaded and high shear moduli occur in areas subject to complex loading conditions and (2) the material properties of different topological regions of the femur are stimulated by different activities. The topological influence of multiple load cases in determining the converged material properties (Young's and shear moduli) was assessed, and the resulting continuum representation compared with imaging data of femoral cortical and trabecular structure. To the authors' knowledge, this is the first time orthotropic material properties and directionality have been predicted for a complete 3D model of a bone using a mechanical loading environment incorporating multiple daily living activities. The resulting continuum heterogeneous orthotropic finite element model of the femur is made available and can be downloaded from <http://figshare.com/articles/Orthotropic_Femur_Model/1419589>.[1](#Fn1){ref-type="fn"}

Methods {#Sec2}
=======

The finite element femur model {#Sec3}
------------------------------

The femur model used in this study is modified from that previously described in Geraldes and Phillips ([@CR22]), with geometry extracted from the muscle standardised femur (Viceconti et al. [@CR50]). A brief description is given here for completeness. A FE model of the lower limb was created, with the local coordinate systems of the segments defined according to the standards proposed by the International Society of Biomechanics (Wu et al. [@CR51]; Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Medial (**a**) and anterior (**b**) views of the finite element model of the whole femur, pelvic (*black*) and femoral (*red*) coordinate systems and functional knee axis (*dashed blue line*). Twenty-six muscles, 7 ligaments (*green*) and load-transfer structures (*grey*) were explicitly included at **c** the hip joint and tensor fascia latae, **d** tibiofemoral joint and **e** patellofemoral joint

Twenty-six muscles and seven ligamentous structures (Fig. [1](#Fig1){ref-type="fig"}, in green) were represented as groups of spring elements, in number proportional to their insertion area. Musculotendon stiffness was calculated as in Phillips ([@CR36]) and Philips et al. ([@CR38]) based on the dimensionless force--strain relationship proposed by Zajac ([@CR53]) for the tendon and using values of maximum isometric force and tendon slack length taken from the literature (Delp [@CR13]). The properties of the muscles and ligaments included in the developed femur model are made available in the electronic supplementary material. Artificial joint structures composed of a layer of cortical bone, a layer of cartilage-like material, and truss elements connected to the joint centre or axis were defined at the hip, tibiofemoral and patellofemoral joints (Fig. [1](#Fig1){ref-type="fig"}c--e, respectively) to allow for the transfer of forces to the femur. The tensor fascia latae was defined in a similar way to allow the muscle to wrap around the greater trochanter (Fig. [1](#Fig1){ref-type="fig"}c). The surfaces between the femur and the joint structures were tied.

An artificial pelvic structure (Fig. [1](#Fig1){ref-type="fig"}c, in red) connected the acetabular region to muscle insertion points on the pelvis, sacrum, lumbar spine and a point representative of L5S1, as proposed by Phillips ([@CR36]). The structure was connected to and was allowed to rotate about the centre of the hip joint structure. Intersegmental forces and moments calculated as detailed in Sect. [2.2](#Sec4){ref-type="sec"} were applied at the connection point, coincident with the centre of the femoral head. To aid stability of the pelvic structure, the L5S1 point was connected to ground via a spring element with a stiffness of 10 N/mm in the anterior--posterior direction and negligible stiffness in the other two directions. A functional axis about which knee flexion occurred was defined (Fig. [1](#Fig1){ref-type="fig"}, blue dashed line) by a beam element connecting two points on the tibiofemoral joint structure (Fig. [1](#Fig1){ref-type="fig"}d). The medial point was fixed against displacement, allowing for the femur to pivot about the medial condyle on the tibial plateau (Johal et al. [@CR26]). Fixed constraints were applied at the insertion points of muscles and ligaments on the tibia and fibula, and segment positions were updated according to the kinematics of the two activities. The resulting model with all the joints, muscles and ligamentous structures is shown in Fig. [1](#Fig1){ref-type="fig"}.

Multiple load cases {#Sec4}
-------------------

Two daily activities were modelled: walking and stair climbing. These were selected as they produce the highest hip joint contact forces (JCFs) (Bergmann et al. [@CR4]) amongst the most frequent recorded activities of daily living (Morlock et al. [@CR33]). Using gait data available in the HIP98 database (Bergmann et al. [@CR4]) as input into a unilateral musculoskeletal model of the lower limb (Modenese and Phillips [@CR30]; Modenese et al. [@CR31]), the joint angles, and intersegmental moments and forces for the investigated activities performed by patient HSR (Bergmann et al. [@CR4]) were calculated through the inverse kinematics and inverse dynamics tools available in OpenSim (Delp et al. [@CR14]). In the finite element simulations, 40 equally spaced frames were considered for walking (trial HSRNW4) and stair climbing (trial HSRSU6), resulting in eighty load cases, including the frame where the peak hip joint force was recorded (Bergmann et al. [@CR4]). The joint angles were used to update the initial position of the pelvic region (black reference system, Fig. [1](#Fig1){ref-type="fig"}b), the femur (red reference system, Fig. [1](#Fig1){ref-type="fig"}b) and the tibial region (blue axis, Fig. [1](#Fig1){ref-type="fig"}b) for each frame, while the intersegmental joint forces and moments calculated by the musculoskeletal model were applied at the hip joint.

Bone adaptation algorithm {#Sec5}
-------------------------

### Identification of target material orientations from the guiding frame {#Sec6}

In the single load case orthotropic adaptation algorithm previously introduced (Geraldes and Phillips [@CR22]), each element's material orientations were rotated in order to match the local principal stress directions in agreement with *Wolff's Law*(Cowin [@CR10]). This algorithm was modified to include multiple load cases (Fig. [2](#Fig2){ref-type="fig"}). The maximum strain components across all frames from the daily activities were selected for each element in order to produce a strain field envelope containing the maximum driving stimuli for the material properties and orientations. This stimulus envelope was used instead of combining multiple load cases into a single load case since, from a structural engineering perspective, bone is assumed to be adapted to adequately resist all non-traumatic loads that it is subjected to.Fig. 2Key steps in updating the orthotropic material properties and directionality for the multiple load case adaptation process

All the load cases from both activities were analysed in parallel, and the strain and stress tensors extracted for every element for every frame. The guiding load frame, *g*, for the adaptation process in each element was selected as the one where the maximum absolute normal strain value, $\documentclass[12pt]{minimal}
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### Selection of target stimulus {#Sec7}
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### Material properties adaptation {#Sec8}

The material properties were adjusted in order to bring the local strains within the remodelling plateau defined around a normal target strain, $\documentclass[12pt]{minimal}
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The resulting material properties and directionalities were compared with CT and micro-CT ($\documentclass[12pt]{minimal}
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Results {#Sec9}
=======

Convergence of the model subjected to a single load case and multiple load cases was achieved after 29 and 30 iterations respectively. Figure [3](#Fig3){ref-type="fig"} shows a coronal slice of a CT scan of the whole femur (a, d) compared with the predicted density distribution for the orthotropic model based on a single load case (b, e) and multiple load cases (c, f). All elements with a density above $\documentclass[12pt]{minimal}
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Coronal sections of the converged Young's moduli are represented in Fig. [4](#Fig4){ref-type="fig"} for the proximal and distal regions of the multiple load case femur model: $\documentclass[12pt]{minimal}
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In Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}, the predicted density (right) and dominant material orientations (middle) for coronal and transverse sections are shown, respectively, of the proximal (Fig. [5](#Fig5){ref-type="fig"}) and distal (Fig. [6](#Fig6){ref-type="fig"}) femur, compared to $\documentclass[12pt]{minimal}
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Figure [7](#Fig7){ref-type="fig"} shows the plot of the percentage of elements for which each frame is the guiding frame with respect to the Young's moduli (red) and shear moduli adaptation (blue), as well as a representation of the femur's orientation in the sagittal plane (bottom), in order to ease spatial visualisation. The predicted hip JCFs \[% body weight (BW)\] for the model (green dashed line) were higher than those measured and reported in the HIP98 data set (black dashed line; Bergmann et al. [@CR4]). Pearson's $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho $$\end{document}$ and root-mean-squared error (RMSE, in %BW) between the predicted and the measured resultant hip contact forces for walking and stair climbing are shown in Table [2](#Tab2){ref-type="table"}.Fig. 7Percentage of elements influenced by each load case (frames 1--40 for walking and 41--80 for stair climbing) for Young's moduli (*red*) and shear moduli (*blue*) adaptation. The hip JCFs (%BW) calculated by the proposed model (*solid green line*) and measured by instrumented prosthesis (HIP98, *dashed black line*) are also shown. The frames where the first peak (\*\*) and second peak (\*) occurred are *highlighted*. The orientation of the femur, highlighting its flexion angle in the sagittal plane, are included at the bottom

The dominant frame indices for each element are displayed for posterior and anterior views of the whole femur, as well as a coronal section of the whole length, proximal and distal regions for the adaptation process of Young's moduli (Fig. [8](#Fig8){ref-type="fig"}, left) and shear moduli (Fig. [8](#Fig8){ref-type="fig"}, right). The indices are split into the two activities modelled: walking (top) and stair climbing (bottom), making evident that the most influential phases of the gait cycle for bone adaptation are early stance during stair climbing and the entire stance phase for walking.

Discussion {#Sec10}
==========

The cortical thickness along the lateral aspect of the femoral shaft and trabecular density in the distal regions are a better match with the femoral CT slice when multiple load cases are considered compared to the single load case (Fig. [3](#Fig3){ref-type="fig"}). Quantitative analysis of the predicted spatial density distributions and CT images are included in the electronic supplementary material. Regions where non-orthogonal trabecular crossing was expected (such as the area where the tensile and compressive trabecular groups meet in the femoral head and in the intertrochanteric region, as suggested in the trajectorial hypothesis proposed by Skedros and Baucom ([@CR42])) coincided with regions of higher values of predicted shear moduli, in agreement with the first hypothesis of the study (Fig. [4](#Fig4){ref-type="fig"}, bottom). Table [1](#Tab1){ref-type="table"} highlights that shear resistance does not affect bone adaptation under a single load case as low values of shear modulus are produced. However, when multiple load cases representing common daily living activities are applied, shear adaptation needs to be considered as 25 % of the elements present increased shear resistance.

For the model subjected to multiple load cases, all main trabecular groups and Ward's triangle (Singh et al. [@CR41]) were predicted for the proximal femur (Fig. [5](#Fig5){ref-type="fig"}, top). The arrangement of the orthotropic axes is consistent with observations of trabeculae running perpendicular to the articular surface and the calcar femorale (Fig. [5](#Fig5){ref-type="fig"}, bottom). The coronal and transverse sections also show three typical features: the meeting of the secondary compressive group and the tensile greater trochanter group at the apex of the intertrochanteric arch; the meeting of the principal tensile and compressive groups in the centre of the femoral head; and a crescent-shaped region of density transition near the epiphyseal plate (Tobin [@CR45]).

The vertical alignment of the tensile and compressive trabecular groups parallel to the bone axis and the surface contour of the condyles, in order to transfer the loads arising from the daily activities through the knee joint (Takechi [@CR44]), is correctly predicted (Fig. [6](#Fig6){ref-type="fig"}, top), as well as the trabecular arrangements in a transverse section of the condyles (Takechi [@CR44]; Fig. [6](#Fig6){ref-type="fig"}, bottom). The inclusion of multiple load cases allowed for realistic predictions of the trabecular structure directionality at a continuum level for the whole femur, and it is suggested that the modelling of more extreme activities where higher flexion angles, quadriceps muscles activations and patellofemoral forces are involved (such as sit to stand) could further improve the comparison in the distal region.

The high Pearson's coefficients showed a strong correlation between the predicted hip JCFs and the forces reported in HIP98 for the same activities (Fig. [7](#Fig7){ref-type="fig"}; Table [2](#Tab2){ref-type="table"}). We conclude that the proposed model is capable of producing a load environment in the femur close to the in vivo situation, an important consideration in biomechanical investigations (Erdemir et al. [@CR16]). The impact of different frames on Young's moduli adaptation is clearly observed in Fig. [7](#Fig7){ref-type="fig"} (in red), with 7 frames producing the stimulus necessary to influence more than 5 % of the elements each. The frames where the peak predicted hip JCF occurred are not amongst the top five dominant frames. These correspond to either an almost vertical positioning of the femur or high flexion angles, which may be associated with higher muscle forces, particularly in the quadriceps when flexion occurs. The influence of the different load cases on shear moduli adaptation can also be observed in Fig. [7](#Fig7){ref-type="fig"} (blue). More frames influence shear moduli than Young's moduli, and some overlap in importance. This is expected, since the load cases that produce high axial strains in the cortical shaft will also generate high torsional moments in the femoral neck and the cortical shaft (Garden [@CR20]; Tobin [@CR45]; Varghese et al. [@CR49]) resulting in high shear.

The contribution of both daily activities to the converged material properties in vast, independent regions of the femur is clear (Figs. [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"}), in agreement with findings from a mesoscale structural approach to bone adaptation (Phillips et al. [@CR37]) and with the second hypothesis of this study. Walking is shown to influence the Young's moduli in regions of the femoral head, inferior part of the femoral neck, greater trochanter, posterior-lateral aspects of the femoral shaft and posterior aspect of the condylar region (Fig. [8](#Fig8){ref-type="fig"}, left). Stair climbing dominates in the regions of the superior part of the femoral neck, lesser trochanter, medial aspect of the cortical shaft and anterior aspect of the distal femur. Early stance is more influential in stair climbing than walking for bone adaptation. The material properties of the femoral shaft and the femoral neck are visibly influenced by both activities, with simple load case models demonstrated to underestimate the average stiffness and density of the femur. Bone adaptation studies need to consider the possibility that distinct bone regions could experience maximum loading in frames of the considered activities for which the JCFs are not at their peak.Table 2Pearson's $\documentclass[12pt]{minimal}
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Fig. 8Guiding load frames indices for Young's moduli (*left*) and shear moduli (*right*) for walking (*top*) and for stair climbing (*bottom*): posterior (**a**), anterior (**b**) and coronal section (**c**) views of the whole femur and coronal section views of its proximal (**d**) and distal (**e**) regions

When looking at shear modulus adaptation (Fig. [8](#Fig8){ref-type="fig"}, right) it is evident that it is primarily driven by walking, with stair climbing load frames losing their topological dominance (Fig. [8](#Fig8){ref-type="fig"}, right). Nevertheless, the anterior aspect of the distal region and the superior anterior region of the femoral neck are dominated by stair climbing. This suggests that stair climbing could improve bone's stiffness and resistance to normal and shear strains in these regions, potentially reducing the risk of fracture, in agreement with observations on the influence of the same activities on bone density (Allison et al. [@CR1]; Blain et al. [@CR5]; Jamsa et al. [@CR25]).

Several limitations of the model need to be considered. The geometrical definition of certain muscles, such as the iliopsoas, through straight lines can result in non-physiological lines of action and moment arms compared to more detailed representation obtained in musculoskeletal models using viapoints and wrapping surfaces (Modenese et al. [@CR31]; van Arkel et al. [@CR48]). This geometrical limitation, together with the femur geometry used in this study, which is not personalised for subject HSR (Bergmann et al. [@CR4]), but extracted from the muscle standardised femur (Viceconti et al. [@CR50]), could have contributed to overprediction of the hip contact forces (Modenese et al. [@CR32]). Intersegmental forces and moments were not applied at the tibiofemoral joint. Their omission will have influenced the predicted peak tibiofemoral forces (179 %BW and 165 %BW for walking and stair climbing, respectively), found to be lower than those measured using instrumented knee prostheses (217 %BW for walking and 250 %BW for stair climbing; D'Lima et al. [@CR12]). It is likely that the prediction of material properties in the region was also affected by this simplification.

A relationship between number of loading cycles and target strain is required for the maintenance of bone (Ozcivici et al. [@CR35]). High-repetition activities generating low bone strains could have similar effects to low-repetition high-impact activities generating high strains (Fehling et al. [@CR17]; Judex and Zernicke [@CR28]). As the lazy zone represents a $\documentclass[12pt]{minimal}
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                \begin{document}$$\pm $$\end{document}$20% interval, we assigned an equal weight of 1 to every frame and activity modelled in the multiple load case model as the adaptation process will be relatively insensitive to small changes in the target strain based on the number of activity cycles, for the two chosen activities, level walking (around 10,000 cycles/day) and stair climbing (around 100 cycles/day) (Morlock et al. [@CR33]), which have similar effects on bone adaptation in the presented model. A limitation of the proposed multiple load case scenario is that it did not include any impact activity, as the publicly available database (Bergmann et al. [@CR4]) used in validation of the musculoskeletal model does not include impact activities such as running. Predictions may be improved by including impact activities in future work. The optimised orthotropic structure produced is independent of the duration and frequency of loading since, much like the trabecular structure that has been extensively studied in the proximal femur (Garden [@CR20]; Singh et al. [@CR41]; Skedros and Baucom [@CR42]; Takechi [@CR44]), it is the configuration that best maintains the bone strains within the threshold proposed by Frost ([@CR19]) for the envelope of load cases applied. Therefore, time- or frequency-dependent adaptation is not considered in this analysis and is acknowledged as a limitation of the proposed method.

Figures [7](#Fig7){ref-type="fig"} and [8](#Fig8){ref-type="fig"} show that multiple representative frames of different activities need to be included in order to reliably capture the complex in vivo mechanical environment which drives the adaptation process, a crucial limitation of previous bone adaptation studies that have only considered reduced number of frames for the activities modelled. Other mechanistic models also report physiological distributions of mass and principal directions under non-isotropic conditions and using averaged stimulus that weight each stress state. Tsubota et al. ([@CR46]) show impressive results from a voxel-based approach applied to a 3D proximal femur. Homogenisation methods have reported physiological 3D distributions and orientations for a section of the proximal femur (Bagge [@CR3]; Fernandes et al. [@CR18]). However, the difficulty in accurately modelling the 3D mechanical environment for the whole femur leads to these different methods being applied with simplified loading conditions and only being reported for coronal slices of the proximal femur. The use of a balanced model allows for application of the adaptation process for the complete femur, without artefacts induced by non-physiological boundary conditions. This is further explored in the electronic supplementary material.

The final product of this investigation is a heterogeneous orthotropic model of the femur informed by a physiological representation of the loading environment. The generation and development of these models can benefit research areas where prediction of local bone material properties is of key importance, with the potential to provide recommendations on which physical activities most beneficially influence bone health. In particular, this study highlights the importance of stair climbing in influencing the properties of the fracture-prone femoral neck region, with implications for non-pharmacological fracture prevention strategies based on exercise. The proposed algorithm could be extended to other bones, and future work could look into predictions of bone adaptation around bone--implant interfaces or the influence of bone degradation caused by osteoporosis.
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